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ABSTRACT

This work presents both a feasibility study and an investigation into the voltagecontrolled spray deposition of different nanoparticles, namely, carbon nanotubes (CNTs), as well
as molybdenum disulfide (MoS2) and tungsten disulfide (WS2) from the transition metal
dichalcogenides (TMDCs) family of materials. The study considers five different types of
substrates as per their potential application to next-generation device electronics. The substrates
selected for this research were: 1) aluminum as a conducting substrate, 2) silicon as a
semiconducting substrate, 3) glass, silicon dioxide (SiO2), and syndiotactic poly methyl
methacrylate (syndiotactic PMMA) as insulating substrates.
Since the 1990’s, carbon nanotubes have been the subject of intense research due to their
extraordinary properties of conductivity, strength, and thermal stability. To utilize CNTs to their
full potential, it is important to analyze their characteristics with respect to their amenability to
deposition onto different substrate species, as future device technologies may demand.
However, prior to the actual deposition, the natural tendency of CNTs to agglomerate must be
taken into account. Thus, in this study the two commonly used methods of acid refluxing and
surfactant treatment were used for dispersing the CNTs. Although CNTs were successfully
dispersed in preparation for the form of voltage-controlled deposition developed for this
research, a deeper investigation elucidated materials processing challenges stemming from the
use of acid refluxing and surfactant-based methods. Thus, alternatively, a new method of
dispersing CNTs, using isopropyl alcohol (IPA) and an anionic (positively charged) surfactant
has been devised for this study. This, in conjunction with the five types of substrates, provided
the testbed needed to investigate the feasibility of voltage-controlled spray deposition as a means
for producing the uniform coatings of CNTs, the latter having application to device processing.
xii

On the other hand, TMDCs are garnering the attention of researchers due the
extraordinary electronic, catalytic, and optical properties of these materials. The two particular
TMDCs chosen for this work, MoS2 and WS2, are considered to be alternatives to, if not
potential replacements for, the zero band gap conductor graphene. Both MoS2 and WS2 act as
direct band gap semiconductors in single layer form and as indirect band gap semiconductors in
multi-layer formation. This property makes these TMDCs promising as the basis for applications
in solar cells, flexible electronics, sensors, and supercapacitors. However, systematic
characterization and analysis are necessary to assess the suitability of any promising electronic
material.

Therefore, as with the aforementioned CNTs, in this study MoS2 and WS2 are

dispersed in solvent, followed by deposition and characterization.

Here again, the above-

mentioned five different substrates are used as the template onto which these selected TMDCs
are deposited via the method of voltage controlled spray deposition.
The results of spectroscopic analysis, microstructural imaging, and characterization of the
morphology of the nanoparticles and films deposited for this study will be presented. The
effectiveness of the voltage-controlled spraying in light of these results will be discussed.
Finally, a forward-looking study into the use of WS2 in surface enhanced Raman
spectroscopy (SERS) has been undertaken in support of future work. This TMDC was used in
conjunction with platinum to fabricate a WS2 based SERS substrate for enhancement of Raman
signals.

xiii

CHAPTER 1. OVERVIEW OF CHAPTER CONTENT

This chapter gives a brief description of Chapters 2 to 7 of this work.
Chapter 2 ("Introduction and Literature Review") provides an introduction to carbon
nanotubes (CNTs), their properties, and applications. A comprehensive literature review of the
following has been accomplished and is presented as follows:
(i) Direct growth methods of CNTs: chemical vapor deposition (CVD), arc discharge, and
laser ablation.
(ii) Solution based CNT deposition methods at room temperature: Langmuir-Blodgett
(LB) method, Mayer-rod coating, the spray coating method, and the electrophoretic
deposition (EPD) technique.
(iii) Characterization techniques for CNTs: atomic force microscopy (AFM), Raman
spectroscopy, and scanning electron microscopy (SEM).
Chapter 3 ("Motivation and Research Goals") describes why we were inspired to work on
this project and the goals to which we aspire. The research goals are listed under four topics as
follows: (1) dispersion of CNTs in isopropyl alcohol (IPA) using sodium dodecyl benzene
sulfonate (SDBS), an anionic (positively charged) surfactant, (2) deposition of CNTs onto a
conducting substrate (aluminum), (3) deposition of carbon nanotubes (CNTs) onto a
semiconducting substrate (silicon), and (4) deposition of gold (Au) coated CNTs on aluminum
foil for use as a surface-enhanced Raman scattering (SERS) substrate.
Chapter 4 (“Carbon Nanotube Dispersion Techniques”) presents a comprehensive
background of state-of-the-art CNT dispersion techniques that were repeated in our research
work. The section presents acid refluxing of CNTs and the surfactant based CNT dispersion
method. The challenges associated with both methods are discussed. A new technique of CNT
1

dispersion using IPA and an anionic surfactant is presented, which addresses the disadvantages
related to common dispersion techniques.
Chapter 5 ("Voltage controlled deposition of dispersed multiwall carbon nanotubes
(MWCNTs) presents a new technique of depositing dispersed multi-walled carbon nanotubes
(MWCNTs) onto different species of substrates inclusive of semiconductor, metal, and insulating
materials. The chapter has three major topics – (1) experimental procedure of the aforementioned
new technique, (2) deposition and characterization of MWCNTs on surface non-functionalized
substrates using Raman spectroscopy with AFM and SEM images, and (3) deposition and
characterization of MWCNTs on surface-functionalized substrates using Raman spectroscopy
with SEM images.
Chapter 6 ("Voltage controlled deposition of dispersed transition metal dichalcogenides
(TMDCs)") presents the voltage-controlled deposition technique as a method of depositing
dispersed TMDCs (MoS2 and WS2) onto

different species of substrates, also inclusive of

semiconductor, metal, and insulating materials as with the MWCNTs of the previous chapter.
The chapter has four major topics: (1) experimental procedure of the new technique, (2)
deposition and characterization of MoS2 nano particles onto different substrate species using
Raman spectroscopy with SEM images, (3) deposition and characterization of WS2 nano
particles onto different substrate species using Raman spectroscopy with SEM images, and (4)
fabrication of platinum coated WS2 based SERS substrates for Raman signal enhancement.
Chapter 7 (“Summary and Recommendations for Future Work”) presents the conclusion
that voltage-controlled deposition strategy was employed to fabricate thickness controlled films
of different nano particles (MWCNTs and TMDCs) onto a range of substrates. This method can

2

be employed to develop next generation electronic materials devices like supercapacitors, SERS,
TFTs, solar cells, and sensors
Note to the Reader: As described in the Abstract, both CNTs and TMDCs been studied
for this work.

Although both materials share certain aspects of the characterization and

instrumentation used in common, for ease of reading and clarity this dissertation presents the
CNT literature and associated research in Chapters 3 and 5 and the TMDC literature and
associated research in Chapter 6.

3

CHAPTER 2. MOTIVATION AND RESEARCH GOALS
Carbon nanotubes (CNTs) have remarkable properties which have made CNTs one of the
most researched and sought-after materials in modern-day electronics. Carbon nanotubes, when
deposited onto various substrates, can be used to design different devices such as
supercapacitors, sensors, MEMS, displays, and batteries. For this purpose, a deposition method
that is fast, low cost, easy to use, and operates at room temperature is highly desirable. In
particular, if this method provided a means by which to control film thickness, it would be even
more effective. However, prior to the deposition of a solution based CNT coating, the CNTs
must be dispersed in an aqueous solution. This dispersion step should yield highly dispersed
CNTs which would remain suspended over an extended period of time (as required by the
particular application), and the structural integrity (e.g., no or minimal tube breakage) of the
CNTs should remain unaffected during the entirety of the process. Thus, a reliable and
reproducible method to disperse CNTs would round out, so-to-speak, the entire process of CNT
deposition.
Keeping the above requirements in mind, we were motivated to develop a dispersion
process and associated deposition system that would address the aforementioned goals. Thus,
the following has been investigated in the research to be described in this dissertation: 1)
dispersion of CNTs in isopropyl alcohol (IPA) using sodium dodecyl benzene sulfonate (SDBS),
2) deposition of CNTs onto non-functionalized substrates, 3) deposition of CNTs onto
functionalized substrates, and 4) characterization and analysis of the deposited CNT films using
SEM, Raman, and AFM.
On a similar note, transition metal dichalcogenides (TMDCs) are identified as materials
with extraordinary properties and are being researched extensively in terms of potential
4

applications in electronics and optics. TMDCs, when deposited onto different type of substrates,
can be used in designing a) field effect transistors, b) super capacitor electrodes, c) photovoltaics,
d) photodetectors, e) solar cells, f) flexible electronics, g) valleytronics, and the like.
Molybdenum and tungsten-based TMDCs such as MoS2 and WS2 are semiconductors. These
two compounds have band gaps ranging from the visible to a the near infra red and thus exhibit a
wide range of electronic properties such as metallic, half-metallic, semiconducting,
superconducting, and charge density wave behavior, depending on the number of transition metal
d-electrons and polytypes. To truly investigate the different properties and range of potential
applications of TMDCs, these materials must be deposited onto a likewise range of substrates
inclusive of semiconductors, metals, and insulators.
To address the above, we were motivated to conduct research in which we investigated
the following: 1) dispersion of MoS2 and WS2 using n-methyl pyrrolidone (NMP), 2) deposition
of the dispersed MoS2 and dispersed WS2 solutions individually onto five different substrates,
and 3) characterization and analysis of the deposited MoS2 and deposited WS2 using SEM,
Raman, and AFM.

Moreover, we fabricated a platinum-coated, WS2 based substrate as a

potential platform for surface-enhanced Raman spectroscopy.

The latter is a form of

enhancement of the inherently weak Raman signals that are generated from a sample when
Raman spectroscopy is performed
Therefore, the goal of this work has been to design processes of dispersion and
instrumentation for the deposition of nanoparticles used to coat a range of substrates. The nano
materials selected for this study were multi-walled carbon nanotubes (MWCNTs) and transition
metal dichalcogenides (TMDCs) in the form of MoS2 and WS2. Optimization of these processes
and the effectiveness of instrumentation was explored through the use of functionalized and non-

5

functionalized substrates. As ultimately a feasibility study of the effectiveness of voltagecontrolled spraying (developed for this research) of different types of nanoparticles deposited
upon conducting, semiconducting, and insulating substrates, the overarching goal of this work
has been to discover and produce a facile, robust, and economical means by which to accomplish
the tasks described.
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CHAPTER 3. INTRODUCTION AND LITERATURE REVIEW

3.1. Introduction
In 1952, Radushkevich and Lukyanovich first discovered carbon nanotubes (CNTs) [1].
However, carbon nanotubes did not receive worldwide attention until 1991, when they were
rediscovered by Iijima [2]. CNTs are of two types: single-walled (SWCNTs) and multi-walled
(MWCNTs). SWCNTs are nanometer-diameter cylinders, consisting of a single graphene sheet
wrapped up to form a tube. MWCNTs consist of multiple rolled layers (concentric tubes) of
graphene [3-4]. CNTs have a diameter in the range of a few nanometers, with lengths ranging
from a few nanometers to microns. CNTs have unique properties, which make for a highly
sought-after material in modern-day electronics [5-8]. These can be metallic (armchair structure)
as well as semiconducting (chiral structure) depending upon the helicity of the tubes. The
variations by which the graphene sheets are rolled up to a cylindrical shape controls this helicity.
Using a pair of integers (n, m) expressed in the form of a chiral vector (Ch = na1+ma2 where a1
and a2 are the unit vectors), the CNTs may be classified as the armchair (n = m), zigzag (n = 0 or
m = 0), or chiral (any arbitrary values of n and m) variety, depending upon the arrangement of
carbon atoms around the nanotube diameter. Armchair CNTs are metallic, while those with n –
m =3k, where k is a non-zero integer, are semiconductors with a small band gap. All others are
semiconductors with a band gap that depends inversely on the CNT diameter. CNTs are 15
times more thermally conductive than copper and have high-temperature stability, i.e.,
maintaining structural integrity up to 2800 oC in vacuum and 750 oC in air [9-11]. Since the
rediscovery, substantial research has been completed and documented on CNTs about their
physical and chemical properties [12-15 and references therein]. Owing to the extraordinary
properties of CNTs, these structures have been researched for potential use in electronics, optics,
7

biomedical research, composite materials, and energy storage [16-19]. Given this range of
characteristics, and methods by which to synthesize, numerous studies have been conducted on
ways to deposit the CNTs onto various surfaces and substrates to be used in device fabrication.
However, a significant amount of the latter involves some form of catalyst or pre-deposition of a
binding layer step to promote adherence of the CNTs to the given surface [20-24].
In earlier work, direct growth techniques such as laser ablation, arc discharge, and
chemical vapor deposition (CVD) have been used to deposit CNTs onto substrates [25-30].
However, these direct growth methods have certain disadvantages. Some require an expensive,
high vacuum system while other methods involve very high temperatures (typically~1000 °C).
Some techniques cause agglomeration of unwanted material residue after deposition, while yet
other methods require a pre-deposited binding agent for the CNTs to adhere to the substrate. The
chapter gives a broad perspective of the commonly used direct growth methods (e.g., laser
ablation, arc discharge, and chemical vapor deposition (CVD)). Commonly used solution-based
CNT deposition methods (e.g., the Langmuir-Blodgett method, spray coating, Mayer–Rod
coating, electrophoretic deposition, self-assembly, inkjet printing, spin coating, and drop casting
method) are discussed. The characterization techniques of atomic force microscopy (AFM),
Raman spectroscopy, and scanning electron microscopy (SEM) that are used in conjunction with
CNT deposition are also presented.

3.2. Commonly used carbon nanotube (CNT) growth techniques
CNTs have been commercially grown for some time now. However, the real challenges
associated with commercial production of CNTs are with respect to controlling chirality and
diameter. For the purpose of addressing these issues, chemical vapor deposition (CVD), plasma
enhanced chemical vapor deposition (PECVD), the carbon arc discharge method, and laser
8

ablation are the most commonly employed methods [31-33]. In all three cases, the use of metal
catalysts maximizes the yield of CNTs.
3.2.1. Chemical vapor deposition (CVD)
The CVD technique employs hydrocarbon decomposition in the presence of a metal
catalyst to produce CNTs [34-35]. CNTs are synthesized when metal catalysts are patterned onto
a substrate by etching or by physical vapor deposition (thermal evaporation and sputtering).
Thereafter, a heating process is employed to decompose carbon molecules into reactive carbons
atoms. These reactive atoms induce catalytic nucleation and grow as hollow tubes.
The most commonly employed CVD technique for the current generation of CNTs is
plasma enhanced chemical vapor deposition (PECVD). Here, carbon containing molecules, such
as acetylene (C2H2), react with ammonia (NH3) to produce carbon vapor. The reaction happens
in the presence of plasma generated by a high-frequency power supply providing hundreds of
volts between the electrodes, hence the name PECVD. The substrate supporting the catalyst
(generally Fe, Co, or Ni) acts as one of the electrodes where the CNTs grow. Generally, a
continuous metal film is deposited, and then an ion bombardment breaks the electrode into
nanoparticles (in-situ). Low substrate temperatures (300 oC) may be used since the glow
discharge imparts sufficient energy to the carbon atoms in the vapor. PECVD is the preferred
method for the commercial growth of CNTs due to its controllability, simplicity, and low
synthesis temperature. Another advantage of growing CNTs with the PECVD method is that the
CNTs can grow vertically, not only out of the substrates, but also from selected regions of the
substrate. This type of structure proves to be useful in electron microscopes, as an electron
emitter for the electron guns. Figure 3.1. shows the PECVD setup’s ability to generate vertically
aligned CNTs.

9

Figure 3.1. Schematic diagram of PECVD apparatus for CNT production

Various kinds of CVD techniques, such as alcohol catalytic CVD, vapor phase growth,
thermal chemical CVD, and laser-assisted CVD, are also employed to produce CNTs [36-37].
However, PECVD has proven to be a reasonable realiable source for CNT production.

3.2.2. Arc discharge method
The most straightforward method to produce CNTs and C60 fullerenes is the arc discharge
method.

However, one significant disadvantage is associated with this process.
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The arc

discharge method produces not only CNTs but also several other compounds such as soot and
metal catalysts. The CNTs must be separated from the residual byproducts before the CNTs
The arc discharge method creates CNTs by the vaporization of two carbon rods (doped or
undoped with metal catalysts), separated by 1 mm distance, in an enclosure of inert gas (He, Ar)
at low pressure. A high-temperature discharge between the two electrodes is created by a DC of
approximately 100 A and a 20 V power supply. In this method, the discharge leaves a small
deposit on one of the rods by vaporizing another rod. The uniformity of the plasma arc and the
temperature of the deposit onto the carbon electrodes controls the yield of CNTs produced [38].
Depending upon the mixture of helium and argon, CNTs produced have different diameters. The
helium and argon mixture have different diffusion coefficients and thermal conductivities. The
CNT diameter is effected in the arc process by the speed with which the catalyst metal molecules
and carbon diffuse and cool. Modern advancements in this technique have yielded CNTs in
liquid nitrogen using this method [39].
The arc discharge method can be used to selectively grow both SWCNTs and MWCNTs
with minimal variation in the process. If the anode is doped with a metal catalyst, such as Fe,
Co, Ni, Y, or Mo, SWCNTs are produced. The quantity and quality of the SWCNTs obtained
depend on the metal concentration, inert gas pressure, the current and system geometry, and the
kind of gas. Usually, the diameter of the carbon nanotube is in the range of 1.2 nm to 1.4 nm.
To obtain MWCNTs, both of the electrodes should be graphite. However, the technique
also produces byproducts such as amorphous carbon, graphite sheets, and fullerenes along with
MWCNTs. If MWCNTs are purified, a loss of CNT structure and wall disorder takes place.
Typically, the MWCNTs obtained by this method are of 1-3 nm inner diameter and 10 nm outer
diameter. There is no catalyst involved in this process, and hence no acid purification step is
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required. Figure 3.2. shows the experimental setup for the arc discharge method to produce
CNTs.

Figure 3.2. Schematic for arc discharge method for CNT synthesis

3.2.3. Laser ablation technique
Laser ablation as a technique to produce CNTs was first introduced by Richard Smalley
[40]. The technique focuses a high power laser (approximately 10 kW/cm2) to vaporize a carbon
target. The vapor of carbon is produced in an oven at 1200 ºC which has a constant supply of
inert gas (Ar or He) and maintains a pressure of 500 Torr inside of the growth chamber. The
carbon vapor plume cools and expands very quickly.

With cooling, small carbon atoms

condense to form large clusters of CNTs and fullerenes. From these clusters, molecules grow
into single-walled carbon nanotubes until the catalyst particles become too large or until
conditions have cooled sufficiently. Hence, the SWCNTs produced are bundled together by
weak Van der Waals forces.

Figure 3.3. illustrates the components of laser ablation

instrumentation and the process involved.
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Figure 3.3. Schematic of laser ablation process

For pure graphite electrodes, MWCNTs are synthesized. SWCNTs are synthesized if a
mixture of graphite with Co, Ni, Fe or Y is used in the laser ablation technique. SWCNTs
obtained by laser ablation have a higher yield, are purer (about 90%), and exhibit better
properties (i.e., narrow size distribution) compared to SWCNTs obtained by the arc discharge
method.
3.2.4. Problems associated with direct growth techniques of carbon nanotubes (CNTs)
The direct growth techniques have been the go-to methods to grow CNTs. Although
these methods have achieved significant success in controlling CNT growth parameters, the
same techniques have some serious issues associated with them as well, which are discussed
below as follows:
(i)

The direct growth techniques require high-temperature synthesis which puts

limitations on the types of substrates upon which the CNTs can be grown. Low-temperature
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application devices such as MEMs, TFTs, and the like are incompatible with these growth
methods.
(ii)

The direct growth techniques produce many unwanted byproducts, such as soot

and metal catalysts, while growing the CNTs. The presence of these impurities will create
anomalies. In turn, if cleaning is necessary, another tedious, time-consuming process becomes
necessary to obtain pristine CNTs.
(iii)

Generally, the direct growth techniques require a high vacuum system, which

makes these techniques costly and time-consuming.

3.3. Prominent solution based carbon nanotube (CNT) deposition methods
Numerous solution based carbon nanotube deposition techniques at room temperature
have been attempted over the years of CNT interest to overcome the issues imposed by the direct
growth methods. Solution based CNT deposition techniques involve coating a substrate with
CNTs from a dispersed CNT solution. The solution based coating strategies have advantages
over the direct growth ones. Solution based coatings can be produced at low-temperature which
lessens the issue of substrate shortages created by direct growth methods. Solution based coating
methods are cheap, fast, and simple continuous deposition techniques. However, the solution
based coating techniques are affected by the quality of the CNT dispersion, surface
functionalizing of substrates, the application of binder materials to the substrate, and solution
stability. The following sections describe the most prominent solution based CNT deposition
techniques at room temperature.
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3.3.1. Langmuir-Blodgett method
The “Langmuir-Blodgett (LB)” method or the “logs-on-a-river” method involves the
transfer of a CNT monolayer (Langmuir monolayer) at the air/water interface to a substrate by
first dipping the substrate into the solution and then lifting the substrate from the solution [4143]. This process is repeated continuously until a suitable coating of CNTs is formed on the
substrate. The formation of CNT multilayers requires continuous dipping (alternate horizontal
and vertical) and lifting to obtain a layer-by-layer coating of CNTs. The LB method is very
slow, and the results obtained are not entirely reliable or reproducible for fabricated CNT
multilayer films. However, the method is very simple and cost-effective, if CNT monolayer
films are to be fabricated. Figure 3.4. shows the coating strategy employed by the LB method.

Figure 3.4. Langmuir Blodgett CNT coating technique
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Another variation of the LB method is the Dip Coating method which has been used to
coat substrates with conductive films [44].

Both LB and dip coating involve coating the

substrate on both sides, which is highly undesirable for specific device applications.
3.3.2. Mayer-Rod coating method
The Mayer-Rod coating method with controlled drying presents the most common, largescale, solution based CNT deposition method employed by the industry [45]. A stainless steel
rod wound by a stainless steel wire (Mayer-Rod) is used to coat a substrate with a controlled
amount of dispersed CNT solution. The post-deposition drying is controlled by a heating bar.
This method can be employed for CNT film deposition on very large area substrates just by
scaling it up. Figure 3.5. below shows the Mayer Rod strategy to coat CNTs onto a substrate.

Figure 3.5. Schematic of Mayer-Rod coating method
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3.3.3. Spray coating method
The spray coating technique is another common method employed for dispersed CNT
deposition on the substrate [46-47]. The spray coating technique uses the method of spraying a
controlled amount of CNT solution onto a target. To quickly dry the CNT solution, the substrate
target is pre-heated. To avoid any possible agglomeration, the substrate temperature is adjusted
according to the rate of evaporation of the solvent. This method has been used to deposit CNTs
for applications such as electrodes and CNT based transistors. Figure 3.6. shows the strategy
employed by the spray coating technique.

Figure 3.6. Schematic of CNT spray coating technique
3.3.4. Electrophoretic deposition (EPD) method
Electrophoretic deposition (EPD) is a cheap and fast wet processing technique which is
employed for CNT deposition on electrically conductive substrates [48-49]. EPD has been used
for the processing of ceramics, devices, nanoparticles, supercapacitors, thin films, and
biomaterials [50]. It can deposit multilayered CNT films on target substrates very quickly from a
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dispersed CNT solution. The EPD setup is comparatively simple, and the EPD process produces
monolayer and multilayer CNT coatings at a high deposition rate with a high packing density
that can accommodate larger substrates. Hence, it is a very useful method in nanoelectronics,
MEMS, and flexible electronics. However, it is difficult to control the thickness of the deposited
film using EPD, and the process itself requires conducting substrates, thus limiting its
applicability to planar device fabrication and processing. At best, to be able to utilize EPD with
semiconducting or insulating substrates, surface functionalization and deposition of a binding
agent (prior to the CNT layer) are necessary pre-requisites.
EPD involves two major processes [51-52]. The first process is called "electrophoresis"
where charged particles dispersed in an aqueous solution migrate towards a particular electrode
upon application of an electric field is applied. The second process is called "deposition," where
the particles form a coherent deposit by adhering to the electrode surface.
EPD can be categorized as an (i) anodic EPD, should the deposition occur at the anode
(positive electrode), and a (ii) cathodic EPD, should the deposition occur at the cathode (negative
electrode). When a deposition of positively charged particles takes place on the cathode, the
process is deemed to be a cathodic electrophoretic deposition. However, if the particles in the
solution acquire a negative charge and get deposited on the anode, the process is called an anodic
electrophoretic deposition. As a result, the surface charge on the dispersed particles determines
the type of electrophoretic deposition. Figure 3.7. presents the schematic of the EPD setup for
CNT deposition
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Figure 3.7. Schematic diagram of Electrophoretic deposition method

3.3.5. Self-assembly method
Self-assembly (SA) is used to deposit CNT thin films onto a substrate [53-55]. It is a
relatively fast and inexpensive method. SA occurs due to the attractive force and interfacial
surface tension between the dispersed CNTs and the functionalized surface.
For surface functionalization, polar groups (amino and carboxyl) or a nonpolar group
(methyl) is used to functionalize the substrate. Functionalization of the substrate is a processing
step, which aids in the self-assembly of the CNTs. When a substrate is immersed into the
dispersed CNT solution, CNTs are attracted to the polar/nonpolar groups, and thus form
multilayer CNT films by self-assembly. The substrate can also be charged locally to allow
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coulombic forces to guide the self-assembly of CNTs [56]. The SA method has been combined
successfully with photolithography, dip-pen nanolithography, and stamping for patterning.
3.3.6. Inkjet printing, spin coating, and the drop casting method
Inkjet printing of the CNT solution has been used to print fine patterns [57-59]. It is a
promising industrial CNT coating technique, due to its high reproducibility, scalability, and high
deposition rate.
Spin coating and drop casting are some of the standard CNT coating methods [60]. In the
spin coating method, the CNT solution is dropped onto a substrate and then spin-coated to form
CNT films. Production of monolayer CNT films becomes easier with this approach. However,
in the case of multilayer CNT films, the method has to be repeated several times. For drop
casting, CNT solution is dropped on a substrate and then air dried. Although the drop casting
process results in agglomerated CNTs on the substrate, drop casting is the most popular nonindustrial method.
3.3.7. Problems associated with the solution based CNT deposition method
The solution based CNT deposition methods discussed earlier are generally inexpensive,
adaptable, and fast, but for CNT film deposition, these methods have limitations as well. These
include:
(i) challenges in reproducibilty from one deposition to the next.
(ii) film discontinuity and poor packing density.
(iii) extended processing times for multi-layers
(iv) loss of material (dispersed CNT) and CNT agglomeration during deposition.
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3.4. Characterization techniques for carbon nanotubes (CNT) deposition
CNTs are nanometer sized and thus require instrumentation capable of functioning within
this range. AFM, Raman spectroscopy, and SEM have been used to successfully characterize
CNTs. AFM and SEM can image the CNTs in the nanometer range, while Raman spectra
provide the unique fingerprint of these structures. The characterization techniques are described
in the relevant section.
3.4.1. Atomic force microscopy (AFM)
Atomic Force Microscopy (AFM) is a type of Scanning Probe Microscopy (SPM) which
employs a tip to image the topography of a sample by scanning over the area of interest. AFM
can also be used to measure the height and roughness of the sample. The basic instrumentation
was developed by Binnig in 1986 [61-62]. AFM does a raster scan on a small portion of the
sample to reveal nanoscale topology. AFM is a very potent tool because it can be used to
determine the surface structure of both conducting and insulating samples on an atomic scale
using the interaction of forces between the scanning tip and the material under examination [6365]. Cantilevered tip motion, operable in air, water, or vacuum (depending upon the complexity
of a given AFM model) can be translated into a 2-D or 3-D representation of the sample surface.
Specifically, AFM works by measuring the primarily the van der Waals force between a
probe and the surface of a sample. The probe used is a highly tapered pyramidal structure that
tapers down to only a few atoms at the tip. This tip is mounted onto a micro-machined cantilever
that responds in a spring-like fashion, following nanoscale topology, as the tip scans the surface
of the sample. The force (F) between the tip and the surface of the sample may be calculated
using Hooke's Law, where
F = - (k * x), [Where, k= spring constant and x= cantilever deflection]
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The cantilever bends if the spring constant (k) of the cantilever is less than the spring constant of
the surface of the sample. When the tip is brought into the proximity of the sample, inter-atomic
forces between the tip and the sample surface induce displacement of the tip, thus bending the
cantilever upon which it is mounted.
As the next stage of translation from surface-to-tip-to-image, a laser beam is directed to
interact with (reflect off) the cantilever, making the motion of the latter a form of optical lever.
As the cantilever deflects in accordance with the surface structure of the sample, this mechanical
motion is picked up as changes in the reflected laser beam’s intensity. The reflected laser beam
is detected using a four-section position sensitive photodetector (PSPD). The PSPD, in turn,
translates the optical signal(s) detected into an electrical one that ultimately is processed into the
characteristic AFM image of the sample surface. Figure 3.8. shows the working principle of
AFM, Figure 3.9. shows the block diagram of the AFM, and Figure 3.10. shows how the
components of the AFM function concurrently to produce an image of the surface of a sample
.

Figure 3.8. AFM working principal
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Figure 3.9. AFM block diagram

Figure 3.10. Surface image generation by AFM
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AFM imaging is obtained via one of mainly three modes as follows:
1) Contact mode or static mode (Repulsive van der Waals force)
The contact mode is the most common mode of operation of an AFM. Here, the tip is
always in contact with the surface of the sample. The force on the tip is repulsive. The tip drags
along the surface of the sample, producing a high-quality 3-D topographic image of the surface.
This mode of operation yields very high-quality images rapidly. However, by being in contact all
of the time, the tip can deform or damage the sample. Contact mode is generally used on hard
samples, which are less prone to damage.
2) Intermittent mode or tapping mode or dynamic mode
Here, as the tip scans over the surface, the cantilever oscillates at a resonant frequency.
The tip intermittently taps the sample and moves completely away from the sample in each
oscillation cycle.
Two types of imaging can be performed in tapping mode. One is called Amplitude
Imaging, where the amplitude of the cantilever oscillation is almost kept constant. The other is
Phase Imaging, where different mechanical properties may be found by the phase difference
between the measured oscillation and the oscillations of the cantilever.
This mode is used to obtain the high-resolution image of soft samples such as polymers,
biological specimens, and thin films. However, if the imaging is conducted in a fluid medium,
the process damps the normal resonant frequency of the cantilever and yields erroneous results.
3) Non-contact mode or dynamic mode (Attractive van der Waals force)
Here, the cantilever is not in actual contact with the surface of the sample. The cantilever
oscillates above the surface of the sample (50-150 Angstroms).

Using this distance, the

cantilever is in the attractive range of the intermolecular force curve, rather than in a repulsive
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range. The cantilever is made to oscillate on the adsorbed fluid layer above the surface of the
sample. Non-contact mode is the best way of scanning soft samples, polymers, and thin films,
since it does not harm the samples in any manner. However, the non-contact mode yields poor
image quality because it scans over the adsorbed fluid above the sample rather than on the
original surface of the sample. The non-contact mode is best operated in an ultra-high vacuum
environment.
AFM scans the surface of materials down to less than a few nanometers and finds the
visco elastic properties of the materials in order to acquire 3-D topographic images of the
sample, thereby obtaining the force-distance curve and determining surface roughness.
However, there are some issues associated with AFM as well. While using the AFM, the tip may
break during scanning which causes erroneous results. Thus, image resolution depends heavily
on the dimension of the tip used. In turn, tip convolution may occur. In such an event, the AFM
image presents the interaction of the probe with the sample surface instead of the actual
topography of the sample.
3.4.2. Raman spectroscopy
C.V. Raman discovered the Raman Effect in 1928 [66]. Raman Spectroscopy is a
vibrational spectroscopy technique used to collect the unique chemical fingerprint of molecules.
When monochromatic light (laser beam) is focused onto the material, the incident light
(photons) is scattered. Most of the scattered photons have the same frequency, wavelength, and
energy as the incident photon. This portion of the scattering process in Raman spectroscopy is
known as Rayleigh scattering, which is an elastic scattering by nature. However, a minimal
number of photons are scattered in such a fashion that the scattered photon has a different
frequency, wavelength, and energy than the incident photon. This portion of the scattering
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process is known as Raman scattering, which is an inelastic scattering by nature. Here, the
photons have various energy levels and consequently, the emitted photons have individual
wavelength shifts as shown in Figure 3.11.

Figure 3.11. Energy level diagrams for Raman Spectroscopy

In Raman Spectroscopy, the Rayleigh scattered photons are filtered out so that only the
Raman scattered photons (different wavelength) are returned. This difference in wavelength can
be attributed to an energy shift which aids in uniquely identifying the materials under analysis.
Raman spectroscopy may be used to characterize solids, liquids, gases, gels, powders, and films.
A Raman spectrum produces what are known as Stokes shifted peaks (with low energy) and
Anti-Stokes shifted peaks (with the weakest energy), and thus generates a unique fingerprint for
the given material.
Raman scattering is very weak (only 1 out of 107 photons is Raman scattered). The
primary challenge is to remove the highly intense Rayleigh scattered photons and obtain the
weak Raman scattered photons.
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Raman spectroscopy consists of four main components. These are 1) a laser source, 2) an
optical light source and light collection optics, 3) a wavelength selector (Notch filter), and 4) a
charge coupled device (CCD).
A laser beam illuminates the sample in ultraviolet (UV), visible, or in the near infrared
(NIR) range. The scattered photons are channeled using a lens to a notch filter in order to obtain
the Raman spectra of the sample. The notch filter is used to filter out the Rayleigh photons, and
hence, the Raman scattered photons remain. These Raman scattered photons are detected by
using multi-channel detectors such as charge coupled devices (CCD). Figure 3.12. shows a
schematic of the Raman spectrometer.

Figure 3.12. Schematic diagram of Raman spectrometer
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Raman spectroscopy is a) nondestructive to the samples, b) examines low wave number
regions, c) used with solid, liquid and gas, d) provides a specific chemical fingerprint for an
individual material, e) displays a high-speed acquisition of Raman spectra, and f) materials may
be analyzed through glass and polymers using the spectrometer.
However, some disadvantages that are associated with this method are a) the presence of
fluorescence due to impurities in the sample, b) sample heating due to the use of a highly intense
laser, c) an inability to scan alloys, and d) a necessity for sensitive equipment to detect any weak
Raman effect.
3.4.3. Scanning Electron Microscopy (SEM)
The scanning electron microscope scans a sample using a focused beam of high-energy
electrons and generates signals to create 3-D images of the topography and morphology of the
sample. The microscope also provides information about sample composition. The electronsample interactions give information about the structure, chemical composition, and texture of
the sample. The information is collected by scanning a selected area of the sample surface.
The SEM consists of the following components: (i) electron gun, (ii) anode, (iii)
magnetic lens, (iv) condenser coils, (v) stage, (vi) electron detectors, and (vii) scanner. The SEM
also requires a high vacuum system, a cooling system, and a stable power supply. Figure 3.13.
shows the schematic of a SEM.
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Figure 3.13. Schematic diagram of SEM

In SEM, the imaging initiates with the electron gun generating a beam of high-energy
electrons which pass through the anode, magnetic lens, and condenser coils to impinge upon a
sample on the stage.
The anode, being positively charged, attracts the electron beam and accelerates the beam
as the beam passes through it. The magnetic lenses are solenoids which are wrapped in coils.
The condenser coils further accelerate and focus the electron beam on the sample. The coils may
be adjusted to control the acceleration and focusing. Small adjustments of the latter control the
acceleration/deceleration speed of the electron beam while it interacts with the sample surface;
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this action also causes fluctuation in the voltage of the electron beam. The area of the sample to
be scanned by the electron beam is controlled by the SEM user.
The SEM process of analysis is described as follows: The sample is put on the stage. The
sample must be conducting for the SEM to work. Generally speaking, if the sample is nonconducting, it will be sputter coated with a conducting metal. Once the sample is mounted, the
electron beam is focused on a specific area on the sample surface for scanning purposes. When
the electrons hit the sample, these generate signals in the form of back-scattered electrons,
secondary electrons, x-rays, and Auger electrons as shown in Figure 3.14. below.

Figure 3.14. Signals generated when electron beam hits the sample

The scatter patterns generate information on the shape, texture, composition, and size of
the sample. The backscattered electrons provide topographic information about the sample,
while the secondary electrons provide a contrast in the multilayer sample. The contrast in the
multilayer sample helps in identifying the different layers of the sample. The x-rays generated
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during the SEM scan provide element and mineral composition information about the sample.
The detectors collect all of the x-rays, back scattered electrons, and secondary electrons and then
send them to a detector. The detector converts them into electrical signal. Thereafter, the signal is
used to generate a 3-D image of the sample surface.
SEM has many advantages over other imaging techniques and presents a wide range of
applications in scanning samples. Samples can be scanned very quickly in the nanometer range
to provide 3-D images of the surface. Various other analyses, such as the chemical composition
of a sample can be performed using SEM.
However, there are some problems associated with SEM as well. The samples must be
solid, fit inside the microscope chamber, and be conductive. For a non-conducting sample, a
conducting layer must be deposited onto it before SEM analysis can take place. Even sample
preparation can lead to artifacts in the images. The SEM itself is an expensive instrument,
requires a high vacuum, and a space free of electromagnetic interference.
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CHAPTER 4. CARBON NANOTUBE (CNT) DISPERSION TECHNIQUES

4.1. Introduction
Carbon nanotubes (CNTs) must be dispersed in a solution in order to be deposited onto
various materials. Two major existing methods are used to disperse CNTs. Sections 4.1.1 and
4.1.2 discuss the existing dispersion techniques (acid refluxing of CNTs and surfactant and
water-based CNT dispersion, respectively) which were replicated for this research. The existing
methods have some problems associated with them.

The acid refluxing method is time-

consuming and dispersion results are not easily reproduced (if at all). There is a loss of CNTs
during the filtration process, and method breaks down the long CNT chains. Although the
method involving water with a surfactant to disperse CNTs is faster, the result hardly remains
dispersed for two days; further, the dispersion itself is often times poor.
To overcome the problems mentioned in the above existing CNT dispersion methods, a
new technique for CNT dispersion was developed and investigated for this research. To our
knowledge, the achieved quality of dispersion and the number of days the solution remains
dispersed by this method (explained in Section 4.2) has not been achieved by any other
dispersion techniques to date.
4.1.1. Carbon nanotube (CNT) dispersion using the acid refluxing method
A quantity in the amount of 100 mg of as-purchased multi-walled CNTs (purity: > 95%,
dimension: 6–13 nm (OD) × 2.5–20 μm (length), CVD grown from Sigma Aldrich (St. Louis,
MO, USA) was acid refluxed in nitric acid (HNO3) and concentrated sulphuric (H2SO4) (volume
ratio = 1:3). The CNT-acid solution was then heated to approximately 70 °C for 20 minutes. The
acid-heat treatment of the CNT solution generated a black residue. The beaker containing this
residue was kept in cold water and cooled under a fume hood until the solution reached room
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temperature. The acid-heat treatment is a single step process that purifies the pristine nanotubes
and shortens the tube length. The acid-refluxed solution was then mixed with de-ionized (DI)
water and filtered through a Buchner funnel using medium retentive filter papers. Some amounts
of CNTs were lost in the filtration process, and the value is difficult to measure. However, the
filter papers with the accumulated CNTs were further used for the preparation of voltagecontrolled spraying solutions.
The solution intended for voltage-controlled spraying was prepared by submerging the
filter paper containing acid-treated CNTs into ethanol (EtOH) and was ultrasonicated to obtain a
uniform dispersion. The acid-heat treatment introduces carboxylic groups (-COOH) on the
surface of the nanotubeswhich, in turn, impart negative surface charges. The latter establishes
inter-tubular repulsion, causing a good suspension of CNTs. Before deposition experiments, the
CNT-EtOH solution was ultrasonicated for a few minutes to minimize agglomeration of the
CNTs in the medium. Figure 4.1. below shows the solution that was obtained

Figure 4.1. Photograph of acid refluxed CNT
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4.1.2. Carbon nanotube (CNT) dispersion using surfactant and water
At first 40 mg of sodium dodecyl benzene sulfonate (SDBS) were mixed with 200 ml of
water. Then the mixture was ultrasonicated (machine name) for 10 minutes. A 100 mg amount
of as-purchased CNTs were added to the SDBS and water solution and again ultra-sonicated for
20 minutes using a tip sonicator (model-VCX500-1litre from Sonics Material Inc.). The beaker
containing the MWCNT solution was kept in an ice bath to prevent overheating during the tip
sonication process. Finally, the SDBS-water solution was placed under a chemical hood and kept
undisturbed for 24 hours to check the stability of the dispersion. The image of this water and
anionic surfactant-based, dispersed MWCNT solution is shown in Figure 4.2. Also, any CNT
loss is negligible compared the acid refluxing method during the filtration step. However, the
surfactant-based CNT solution did not remain dispersed for more than two days.

Figure 4.2. Surfactant-based CNT dispersion after (a) the experiment, and (b) after 15 days
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4.2. Carbon nanotube (CNT) dispersion using surfactant and isopropyl alcohol (IPA)
This process began with mixing 40 mg of SDBS (Sigma-Aldrich, St. Louis, Mo, USA) as
purchased and mixed with 200 ml of IPA. Then the solution was ultrasonicated for 10 minutes.
A 100 mg of as purchased MWCNTs was added to the SDBS-IPA solution. Using the dye
micellization method, the Critical Micelle Concentration (CMC) was checked for this MWCNT
solution. It was observed that 10-15 mg of SDBS with 100 mg of MWCNTs in the solution was
sufficient to cross the CMC. Again, the tip sonicator was used for 20 minutes to sonicate the
solution.
The tip sonication finally yielded a black colored solution. It was kept undisturbed for 24
h in a chemical hood to cool down to room temperature and to check whether any MWCNT was
deposited on the bottom. The solution showed excellent dispersion with practically zero CNT
deposits at the bottom, as shown in Figure 4.3. a. This process of dispersion eliminated the
chance of breakage of CNTs or CNTs losing their characteristics. There was minimal loss of
CNTs with this surfactant based dispersion technique, unlike the acid refluxing process, where
there is a definite loss of CNTs during the filtration process. The zeta potential of the solution
was calculated to be -79.3 mV. This time, the MWCNT solution remained stable after several
months, as shown in Figure 4.3. b. This process is significantly faster compared to other
methods. The dispersed CNTs remained unaffected for 18 months with no visible change or
degradation in the solution.
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Figure 4.3. IPA and SDBS based dispersed CNT after (a) the experiment, and (b) after one year

4.3. Conclusions
We have successfully dispersed MWCNTs using a new solvent and surfactant
combination (IPA and SDBS). The newly developed dispersion method for MWCNTs solves
the problem of CNT loss, poor dispersion, breakage of long CNT chains, long preparation time
and loss of CNT integrity during its processing compared to existing methods. Table 4.1. below
gives a comparison of the three methods of CNT dispersion discussed above.
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Table 4.1. Comparative study of the three CNT dispersing methods
Process Name

Advantages

Disadvantages

Acid refluxing method

Remains dispersed for a

Long preparation time.

couple of months if the

Loss of CNT during the

parameters are controlled

filtration process.

accurately during the process.

Not reproducible.
Solution degrades over time.

Surfactant and water-based

No loss of CNTs.

Does not remain dispersed for

dispersion method

Fast.

more than a few days.

Surfactant and IPA based

No loss of CNTs.

Still to be found.

dispersion method

Fast.
Reproducible.
No degradation of solution
over time.
Remains dispersed for a long
period of time.
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CHAPTER 5. VOLTAGE CONTROLLED DEPOSITION OF DISPERSED MULTIWALL CARBON NANOTUBES (MWCNTS)

5.1. Introduction
In 1991, Sumio Iijima introduced carbon nanotubes to the world [67]. The invention of
CNTs has propelled the research into the application of CNTs in thin film transistors, sensors,
and devices [68-70]. Due to the high electrical conductivity, high chemical stability, high
surface area/mass ratio and excellent mesoporous structure, CNT thin films were subjected to
extensive research [71]. Application of CNT thin films is applicable, but not limited to a)
sensors, b) supercapacitors, c) microelectronics, d) electrodes, e) flexible displays, f) MEMS, g)
TFTs and h) batteries [72-78].

CNT thin films must be deposited onto various types of

substrates in order to serve the purpose mentioned above. CNTs are directly grown on a
substrate by CVD, laser ablation, and the arc discharge method [79-82]. The direct growth
model is a high temperature (800 °C to 1200 °C) process, which needs high vacuum systems.
However, the growth process yields unwanted soot-like residue and metal catalysts. These
unwanted residues hamper the direct application of CNTs in various device designs [83]. To
eliminate the problems, researchers have been relentlessly working to create a cheap, fast, room
temperature by means of wet coating CNT technique, based on self-assembly of the a) CNT
technique, b) drop casting method, c) Langmuir-Blodgett (LB) method, d) dip coating, c) spin
coating, etc. [84]. However, most of these processes are tedious and time-consuming, yield nonreproducible results, and have no control over the thickness of the deposited films.
Electrophoretic deposition (EPD) is a room temperature based wet coating method which
is an inexpensive and fast process [85-86]. However, standard EPD involves a pre-deposited
metal layer on the substrate in order for the CNTs to adhere to these surfaces. Furthermore, both
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coverage area and thickness can be difficult to control. On the other hand, some our previous
work on CNT deposition has included optimization of the EPD technique on metal and
semiconductor substrates. In that research we were able to eliminate the need for metal binding
layers by surface functionalizing the substrates with 3-aminopropyl triethoxysilane (APTES)
solution [87-88].
This dissertation presents a simple one-step, room temperature based, economical, and
fast wet coating method. This method does not require a binding metal layer and can deposit a
continuous layer of CNT films on different substrates (conducting, semiconducting, and
insulating), with control over the deposited film thickness. Prior to deposition, CNTs must be
dispersed. The method of CNT dispersion developed for this research is, to the best of our review
of the literature, a new and thus first-time technique. It provides excellent dispersion, maintains
this dispersion over the period of several months (i.e., up to 1 year as per our testing), and does
not adversely affect the structure of CNTs. This method of CNT dispersion has been discussed
in section 4.2.
The voltage-controlled nanoparticle deposition technique discussed in this chapter is a
facile and cost-effective technique for breaking down liquid droplets into smaller droplets. By
introducing an intense electric field (in kV) to the original liquid droplets extruded from an
orifice (i.e., a needle connected to a syringe pump), the applied electric field becomes higher
than the surface tension of the droplets [89]. This, in turn, prevents the droplets from further
disintegrating into smaller particles. The inter-particle repulsion of droplets forces them to form
a cone-shaped spray. This spray results in the deposition of a uniform film due to the charge
distribution of the deposited material [90-94]. The parameters, inclusive of applied voltage, flow
rate, time of spray, and distance between needle and substrate, may be optimized to control the
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droplet size, area of spray, and thickness of the deposited film. In the discussion to follow, this
process, as developed for this research, is presented with respect to the formation of MWCNT
films on different species of substrates. Figure 5.1. is a schematic of the proposed strategy for
this work.

Figure 5.1. Proposed strategy for CNT film fabrication onto substrates

5.2. Experimental procedure

The schematic of the voltage-controlled CNT deposition setup is shown below.
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Figure 5.2. Schematic of voltage-controlled CNT deposition setup

A substrate target was mounted onto a grounded rotating stage. A needle was blunted (by
sanding) for the purpose of providing an electrode that would facilitate the formation of a
uniform electric field and attached to a syringe. This syringe was filled with a 30 ml solution
consisting of MWCNTs, isopropyl alcohol (IPA), and sodium dodecyl benzene sulfonate
(SDBS). The entire setup was mounted on a Harvard apparatus 22 dual syringe pump in front of
the substrate. A DC voltage supply (0-30 kV) was connected to the blunted needle tip. To
obtain uniform deposition and a good spray range, 10 kV was applied and 1 µl/minute flow rate
of CNT solution was maintained, using the syringe pump. The distance between the substrate
and the tip of the needle was kept constant at 5 cm throughout the process.
To obtain the Taylor cone [95] during the process, some deposition parameters were
optimized. The substrate was mounted onto the rotating holder spun with a constant velocity of
7000 RPM to ensure the uniformity of the deposited MWCNT layers. In this experiment,

41

MWCNTs were deposited onto various substrates, both surface non-functionalized and surface
functionalized, for varying deposition times (15 s, 2 min, 10 min, and 20 min). After film
deposition of the MWCNTs was completed, a laminar flow system was used to dry the substrate,
which was kept in a chemical hood for approximately 2 hours.

5.3. Carbon nanotube deposition on surface non-functionalized substrates
This voltage controlled deposition system produces charged droplets when a large
voltage (10 kV) is applied to the needle tip which, in turn, allows the charge at the tip of the
needle to overcome surface tension. This voltage to the tip of the needle draws the charged
droplets toward the target substrate. The droplets formed are reduced in size by the continual
repetition of (a) desolvation, where evaporation of the solvent and volatile buffers occurs; and
(b) droplet fission, caused by electric repulsion between like charges.
This voltage-controlled deposition technique produces a small particle size with good
coverage of the substrate area. The proposed method was able to quickly deposit a uniform layer
of MWCNTs onto unprocessed, non-functionalized substrates without the deposition of metal to
act as a binding layer for the MWCNTs.
5.3.1. MWCNT deposition onto a conducting substrate
Aluminum foil was selected as the target conductive substrate for this experiment. The
figure below shows a photograph of the MWCNT laden aluminum substrate. As observed in
Figure 5.3., the fabricated MWCNT film shows excellent visual homogeneity and packing
density. The film structure was devoid of any voids or post-drying cracks and also revealed
significant surface coverage.
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Figure 5.3. Photograph of deposited CNT on aluminum foil

A quantitative surface analysis was performed as well, using an Alpha Step surface
profiler to find the thickness of the deposited MWCNT film. The surface of the CNT laden
aluminum substrate was scanned for thickness profiling. The dispersed MWCNTs, when
deposited onto the substrate for only 20 min, yielded a MWCNT film with a thickness of 6.1 µm.
As per our knowledge, this magnitude of CNT film thickness, deposited within a short span of 20
min, has not been previously reported.
To verify the presence of MWCNTs after the deposition process, a Raman spectrometer
was used for the spectroscopic measurement of the CNTs on aluminum foil. A HeNe laser with
an incident power of 17 mW and wavelength of 638.4 nm was used for this spectroscopic
analysis. A grating of 1800 lines/mm and confocal hole aperture of 200 μm was selected. To
observe the Raman spectra, the scan was performed over a 600 to 2800 cm-1 wave number range.
Figure 5.4. shows the Raman spectra of the aluminum substrate with MWCNT deposition. In
the Raman spectrum of pristine MWCNTs, the peaks of the graphite structure-derived G-band
and the defect-derived D-band appear in the vicinities of 1590 cm-1 and 1350 cm-1, respectively.
We observed that for the deposited MWCNT film, the disorder-induced D band occurred around
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1335 cm-1 and at approximately 1575 cm-1 for the tangential G-Band as shown in Figure 5.4.
The D band and G band peaks for our sample display the same Raman shift, to within ± 2%, as
that of the pristine MWCNTs, hence verifying the presence of the deposited MWCNTs. The
spectroscopic image also verifies that the voltage-controlled dependent method for MWCNT
deposition does not adversely affect the spectroscopic behavior of the deposited MWCNT film.

Figure 5.4. Raman spectra of MWCNTs deposited on aluminum foil

A JOEL JSM 6610 scanning electron microscopy (SEM) system with an acceleration
voltage of 0–30 kV was used for microstructural surface imaging of the deposited films. Figure
5.5. below displays the SEM image of the MWCNTs over the substrate at the 500 nm scale mark
as shown. The image shows excellent continuous coverage and packing density by the dispersed
MWCNTs. It also confirms the presence of random, horizontally inclined MWCNTs due to the
van der Waals attraction between the MWCNTs and the aluminum surface with good packing
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density and homogeneity. The film, deposited over the aluminum substrate, is devoid of any
microscopic cracks.

Figure 5.5. SEM image of MWCNTs deposited on aluminum foil

5.3.2. MWCNT deposition on a semiconducting substrate
A silicon wafer was chosen as the semiconductor substrate for this research. Dispersed
MWCNTs, using both the acid refluxing method and surfactant based methods, were deposited
onto separate silicon substrates as shown in Figure 5.6. The MWCNT deposition is clearly
visible. However, the scratch marks that are also visible were made deliberately, so that the
thickness of the deposition could be measured by means of an Alpha Step system. The data
showed that the deposition thickness was approximately 5.8 µm for a deposition of 20 min in
both cases. To verify the presence of MWCNTs after deposition, Raman spectroscopy, SEM, and
atomic force microscopy (AFM) were used.
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Figure 5.6. Photograph of the silicon substrate after (a) Surfactant-based MWCNT solution film
deposition and (b) Acid refluxed MWCNT film deposition

Raman spectroscopy analyzed the deposited MWCNT films, thus utilizing the HeNe laser
with an incident power of 17 mW and wavelength of 638.4 nm, for the spectroscopic analysis. A
grating of 1800 lines/mm and confocal hole aperture of 200 μm were selected for the
spectroscopic analysis purpose. Figure 5.7. shows the Raman spectra of the silicon substrate
after CNT deposition. In the Raman spectrum of a pristine CNT, the peaks of the graphite
structure-derived G-band and the defect-derived D-band appear in the vicinities of 1590 cm-1 and
1350 cm-1, respectively. For this work, the G and D band peaks for both kinds of dispersed CNT
solutions, deposited onto silicon substrates, display an almost identical Raman shift in the
images, hence verifying the spectra of CNTs. The peak ratios of D band and G band may also be
used to evaluate the crystal purity and defect concentration of the nanotubes.
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Figure 5.7. Raman spectra of the silicon substrate after (a) Surfactant-based MWCNT solution
film deposition and (b) Acid refluxed MWCNT film deposition

Again, JOEL JSM 6610 scanning electron microscopy (SEM) with an acceleration
voltage of 20–30 kV was used for microstructural surface imaging of the deposited films.
Figure 5.8. shows the SEM image of the MWCNTs and surface morphology of the sample. The
acquired SEM image indicates that the MWCNTs have a thick coverage and are well dispersed
and continuously deposited over the silicon substrate. Deposited MWCNTs on the silicon
substrate are horizontally positioned due to the van der Waals attraction between the deposited
MWCNTs and the silicon surface.
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Figure 5.8. SEM image of the CNT over the silicon substrate at 500nm for (a) Surfactant-based
MWCNT solution film deposition and (b) Acid refluxed MWCNT film deposition

Figure 5.9. shows the AFM images of MWCNTs over the silicon substrate.

The

surfactant based MWCNT solution film deposited onto the silicon substrate was scanned over
the total area of 369.6195 µm2 with an average roughness of 748.5012 nm, while the acid
refluxed CNT solution film deposited onto the substrate was scanned over the entire area of
657.1013 µm2 with a mean roughness of 751.1224 nm. The AFM images show that the voltagecontrolled method used to deposit MWCNTs formed by both methods (acid refluxed and
surfactant based) yield comparable deposition results.
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Figure 5.9. AFM image of the silicon substrate after (a) Surfactant-based MWCNT solution film
deposition and (b) Acid refluxed MWCNT film deposition

5.3.3. MWCNT deposition on insulating substrates
For this experiment, we chose two different insulating substrates: glass and silicon
dioxide (SiO2)-on-silicon. Figure 5.10. is a photograph of the glass and SiO2 substrates after
MWCNT deposition. Visual observation of both the substrate surfaces revealed the formation of
un-agglomerated MWCNT deposition with appreciable surface coverage. An Alpha step system
was used to measure the thickness of both the substrates. Depositing for 20 min yielded 3.1 µm
film thickness for glass and 4.1 µm film thickness for SiO2.
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Figure 5.10. Photograph of the deposited MWCNT layer on (a) glass and (b) SiO2

The deposited CNT films were further characterized by Raman spectroscopy. A Raman
spectrometer equipped with HeNe laser with an incident power of 17 mW and wavelength of
632.81 nm was utilized for the spectroscopic analysis. A grating of 1800 lines/mm and confocal
hole aperture of 200 μm was selected for the spectroscopic scanning. Figure 5.11.(a-b) depicts
the Raman spectra where the defect derived D-bands were observed at 1335 cm-1 and 1350 cm-1,
and graphite structure derived G-bands were noted at 1585 cm-1 and 1590 cm-1 for the CNT
deposits on glass and silicon dioxide samples, respectively. The acquired Raman spectra closely
mimic the spectral features of pristine MWCNTs powder, which confirms that the intense E-field
applied (of the order of ~10 kV) during the voltage-controlled deposition step did not alter the
chemical composition, nor induce any significant modification in the vibrational nature
components, of the nanotube structure.
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Figure 5.11. Raman spectra of the MWCNT films deposited on (a) glass and (b) silicon dioxide
samples

A scanning electron microscope (SEM) with an acceleration voltage of 20–30 kV was
used for micro-structural surface imaging of the deposited films. The SEM images, as depicted in
Figure 5.12.(a-b), show the random, horizontal displacement of the MWCNTs due to the van
der Waals attraction between the deposited MWCNTs and the surfaces. The images also display
excellent packing density without microscopic cracks or random discontinuity in the film
structure on both the target surfaces.
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Figure 5.12. SEM image of the CNT over (a) glass and (b) silicon dioxide sample

5.3.4. MWCNT deposition onto an arbitrary substrate
For this experiment, syndiotactic poly methyl methacrylate (PMMA) was selected as the
target arbitrary substrate. Figure 5.13. is a photograph of the PMMA substrate after MWCNT
deposition.

Visual observation of the substrate surface revealed the formation of un-

agglomerated and uniform MWCNT deposition with appreciable surface coverage. Deposition
for 20 min yielded a 5.3 µm film thickness for PMMA, as measured by Alpha step surface
profiler.
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Figure 5.13. Photograph of the deposited MWCNT layer on PMMA

To verify the deposition of MWCNTs on this polymer, a Raman spectrometer was used.
For Raman analysis, a grating of 1800 lines/mm and a confocal hole aperture of 200 μm was
selected. The scan was performed over a 600 to 2800 cm-1 wave number range. The peaks of the
graphite structure-derived G-band and the defect-derived D-band appear at the wave numbers of
1590 cm-1 and 1350 cm-1 respectively, which verify the presence of CNTs on the substrate as
shown in Figure 5.14. The spectrum indicates that the dispersion of MWCNTs and deposition
via voltage-controlled deposition did not adversely affect the structural integrity of the
MWCNTs.
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Figure 5.14. Raman spectra of the MWCNT films deposited on PMMA sample

To obtain the surface image of the MWCNT on polymer, an SEM (JOEL JSM 6610) with
an acceleration voltage of 20-30 kV was employed. Surface morphology and topography of the
MWCNT layer on the polymer substrate is shown in Figure 5.15. The image confirms the
deposition of MWCNTs for the 600 nm scale as shown. This MWCNT layer is formed by
random, closely packed, and horizontally displaced MWCNTs which are securely bonded to the
polymer substrate. The SEM image proves that MWCNTs dispersed in the unique fashion
developed for this research (see section 4.2) and deposited by this new voltage-controlled
process (see section 5.2) result in excellent and continuous surface coverage.
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Figure 5.15. SEM image of the CNT over PMMA substrate

5.4. Carbon nanotube deposition on surface functionalized substrates
This section considers the deposition of multi-walled carbon nanotubes (MWCNTs),
dispersed by different techniques (acid reflux and surfactant-assisted dispersion methods), onto
different species of surface functionalized substrates. For this purpose, we have used the voltage
controlled spray deposition technique described earlier in section 5.2 to create layer-by-layer
CNT films. In this work, MWCNTs were dispersed using acid refluxing and a newly developed
dispersion method, using both isopropyl alcohol (IPA) and sodium dodecyl benzene sulfonate
(SDBS), as described in Chapter 4.
Voltage controlled spray deposition technique was applied to five types of substrates as
follows: aluminum (Al) foil, bare silicon (Si), microcopy grade glass, silicon dioxide (SiO 2), and
poly methyl methacrylate (PMMA). To prepare the surface for deposition, all of the substrates
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were treated with warm piranha solution (H2SO4:H2O2 = 1:1) for 20 minutes. Thereafter, the
individual samples were directly immersed in an as-purchased 20 ml solution of 3-aminopropyl
triethoxysilane (APTES) for 10 minutes. Finally, to remove excess APTES, all of the samples
were rinsed in DI water, dried in nitrogen, and then warmed in the laboratory oven for 40
minutes at 100 °C. The voltage-controlled spray deposition resulted in film thicknesses ranging
from 52 nm to 74 nm (for 40 seconds deposition time) and from 3.2 µm to 7.1 µm (for 20
minutes deposition time), with excellent packing density and surface coverage.
5.4.1. Characterization using Raman spectroscopy
Raman spectroscopy was used to verify the deposition of MWCNTs on all of the
substrates. A Raman spectrometer equipped with a HeNe laser with 17 mW of incident power
and a wavelength of 632.81 nm was utilized for the spectroscopic analysis. A grating of 1800
lines/mm and a confocal hole aperture of 200 μm was selected. The scan was performed over a
range of 600 to 2800 cm-1 wave number. Figure 5.16. to Figure 5.20. presents the Raman
spectra. As displayed in the figures, the defect derived D-bands were observed to be in the range
of 1340 cm-1to 1355 cm-1, and graphite structure derived G-bands appeared in the range of 1575
cm-1 to 1595 cm-1 for the MWCNT deposits on aluminum foil, bare silicon, glass, silicon dioxide,
and PMMA samples. The Raman spectra for each MWCNT-substrate combination closely
resemble the Raman spectra obtained from pristine MWCNT powder. This suggests that the high
electric field (~10 kV) applied during the voltage controlled spray deposition neither changed
nor deleteriously affected the structural integrity or the chemical composition of the MWCNTs.
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Figure 5.16. Raman spectra of the aluminum substrate after (a) Acid refluxed MWCNT film
deposition and (b) Surfactant-based MWCNT solution film deposition

Figure 5.17. Raman spectra of the silicon substrate after (a) Acid refluxed MWCNT film
deposition and (b) Surfactant-based MWCNT solution film deposition
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Figure 5.18. Raman spectra of the glass substrate after (a) Acid refluxed MWCNT film
deposition and (b) Surfactant-based MWCNT solution film deposition

Figure 5.19. Raman spectra of the SiO2 substrate after (a) Acid refluxed MWCNT film
deposition and (b) Surfactant-based MWCNT solution film deposition
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Figure 5.20. Raman spectra of the PMMA substrate after (a) Acid refluxed MWCNT film
deposition and (b) Surfactant-based MWCNT solution film deposition

5.4.2. Characterization using scanning electron microscopy (SEM)
To obtain the surface image of the MWCNT on all of the target substrates, we used SEM
with an acceleration voltage of 20-30 kV. Surface morphology and topography of the MWCNT
layer on the substrates are shown in the figures (Figure 5.21. - Figure 5.25.) below, confirming
the deposition of MWCNT. The MWCNT layers are formed by randomly placed, closely
packed, and horizontally aligned MWCNT nanoparticles, which are securely bonded to the
substrates. SEM images show that the voltage controlled spraying, as developed for this work,
results in excellent surface coverage, homogeneity, and packing density of MWCNTs. The films
produced were found to be devoid of microscopic cracks or random discontinuity on all target
surfaces.
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Figure 5.21. SEM image of an aluminum substrate of MWCNTs prepared by (a) Surfactantbased treatment method and (b) Acid reflux method

Figure 5.22. SEM image of a silicon substrate of MWCNTs prepared by (a) Surfactant-based
treatment method and (b) Acid reflux method
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Figure 5.23. SEM image of a glass substrate of MWCNTs prepared by (a) Surfactant-based
treatment method and (b) Acid reflux method

Figure 5.24. SEM image of a SiO2 substrate of MWCNTs prepared by (a) Surfactant-based
treatment method and (b) Acid reflux method
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Figure 5.25. SEM image of a PMMA substrate of MWCNTs prepared by (a) Surfactant-based
treatment method and (b) Acid reflux method

5.5. Adhesion strength test of the deposited MWCNT films
For a qualitative evaluation of the adhesion strength of MWCNT films on all of the target
substrates, ultra sonication tests and the Scotch tape© test in accordance with the American
Society for Testing and Materials (ASTM) D-3359-97 were performed.
5.5.1. Adhesion strength test on surface non-functionalized substrates
The Scotch tape© test and ultra sonication test were performed on all surface nonfunctionalized target substrates. The Scotch test consisted of making an X-cut in the film,
followed by application of pressure sensitive tape over the cut. A 180-degree rapid peeling of the
tape resulted solely in a trace peeling of the film. According to ASTM standards, such a result
indicates the appreciable adhesion quality of the MWCNT films.
For the ultrasonication test, the MWCNT film coated samples were immersed in a
deionized (DI) water filled ultrasonicator cleaning system for 16 hours. This test also resulted in
no detachment of the MWCNT films from any sample surfaces.
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5.5.2. Adhesion strength test on surface functionalized substrates
The Scotch tape© and ultrasonication tests were conducted on all of surface
functionalized target substrates. The results for these film-substrate combinations were consistent
with those discussed for the non-functionalized substrates described in section 5.5.1 above.

5.6. Conclusions
In summary, a proper conditions were achieved for the deposition of two different types
of dispersed MWCNT solutions on a) conducting (aluminum), b) semiconducting (silicon),
insulating (glass and SiO2), and c) arbitrary (PMMA) substrates, with both surface
functionalization and surface non-functionalization.
Table 5.1. summarizes the thickness measurements performed by an Alpha Step surface
profiler of the MWCNT films on the non-functionalized substrates as a function of deposition
time. The thickness of the CNT yield as a function of deposition time (from 40 seconds to 20
minutes) resulted in a CNT film thickness, ranging from 40-60 nm to 3-5 µm.
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Table 5.1. Thickness variations of CNT films deposited on non functionalized substrates

Table 5.2. summarizes the thickness measurements performed by Alpha Step surface
profiler of the MWCNT films on surface functionalized substrates as a function of deposition
time. Deposition time ranging from 40 seconds to 20 minutes resulted in a CNT film thickness,
ranging from 40-70 nm to 3-7 µm.
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Table 5.2. Thickness variations of CNT films deposited on surface functionalized substrates

The voltage-controlled CNT deposition method is a compelling technique for the creation
of CNT films. This method does not require a pre-deposited metal layer on the substrates to
achieve good adhesion between the CNT layer and the substrate, or a pretreated surface with or
without surface functionalization, as needed by other techniques. The main advantages of this
process are its: 1) reasonably short deposition time, 2) controllability, 3) scalable surface
coverage, 4) reproducible film thicknesses, and 5) low cost. The deposited films display
excellent packing density and homogeneity. Through a series of systemic studies, we have
achieved excellent and reproducible results at an applied voltage of 8 kV at the needle tip with
7000 RPM speed and 5 cm gap between the needle and the substrate. Scanning electron
microscopy, AFM, and Raman spectroscopic results confirmed the presence of MWCNTs in the
deposited film. The CNT deposition process and characterization (using Raman, AFM, and
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SEM images) were conducted within a repeated interval of three months. The images obtained
showed no visible change or breakage of the long CNT chains between the time of the first
experiments and repetitions almost ten months later using the original CNT solutions. These
results demonstrate that the dispersion and deposition steps taken for this work not only
eliminate the necessity of a binding agent but also that of the substrate pre-processing used in
other techniques. It is particularly significant that the results of this research hold true for
different substrate surfaces, thereby widening the range of potential applications. Therefore, in
instrumentation and as a means by which to produce thin films, voltage-controlled spray
deposition, as developed for this research, is a versatile and promising technique for nextgeneration electronic materials with respect to CNTs.
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CHAPTER 6: VOLTAGE CONTROLLED DEPOSITION OF DISPERSED
TRANSITION METAL DICHALCOGENIDES (TMDCS)

6.1. Introduction
In recent years, two-dimensional (2D) transition metal dichalcogenides (TMDC), such as
molybdenum disulfide (MoS2) and tungsten disulfide (WS2), have attracted a broad range of
research interests due to the optical, electronic, and catalytic properties [96-99]. MoS2 has a
direct band gap of 1.8 eV for a single layer and an indirect band gap of 1.2 eV for the multilayer
configuration. The structure of MoS2 is sulfur-molybdenum-sulfur (S-Mo-S) with weak van der
Waals forces between the layers [100-101]. WS2 is formed by the 2D covalently bonded layer of
sulfur-tungsten-sulfur (S-W-S) where the layers are separated by weak van der Waals forces
[102]. Monolayer WS2 has a direct band gap of 1.9 eV, and bulk WS2 has an indirect band gap of
1.35 eV. This particular property of MoS2 and WS2 provides researchers with a semiconducting
option, where turning the conductivity of the metal on and off creates the 1s and 0s of the digital
world. MoS2 and WS2 both exhibit high in-plane mobility which renders them necessary for
flexible electronics, photo catalysts, transistors, thin semiconducting films, and supercapacitors
for storing and harvesting of energy, as well as for sensors [103-112]. These materials are also
suitable for high-efficiency solar cells and electrodes in batteries due to their optical and
electronic characteristics [113-118].

In short, the overall state-of-the-art applications for

TMDCs, especially MoS2 and WS2 films, are on the rise. However, any number of applications
may require the deposition of high-quality films of the compounds (MoS2 and WS2) in order to
produce low-cost devices.
Various techniques such as mechanical exfoliation, laser thinning, chemical vapor
deposition, lithium intercalation, and liquid exfoliation have been investigated for synthesizing
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these films [119-131]. Mechanical exfoliation and chemical vapor deposition produce mono and
multi-layer high-quality nanosheets but at a low yield. Laser thinning, a comparatively new
technique, has been shown to increase the roughness of the films [132]. Lithium intercalation
occurs by introducing lithium ions into the interlayer spacing of the compounds and then
subsequently submerging the compounds in water. The chemicals used in this method are highly
explosive and flammable.

In the liquid exfoliation technique, sonication is performed to

exfoliate 2D materials which are dispersed in polar solvents, with or without the aid of
surfactants. The above-mentioned methods are labor intensive, costly, and at times even
hazardous.
Our goal was to develop a low-cost, time efficient and room temperature-based technique
for depositing TMDC nano particle films onto various substrates (conducting, semiconducting,
insulating, and arbitrary).

In our process, a liquid exfoliation method was used to obtain

dispersed MoS2 and WS2 nano particles which, in turn, would be the source material for the
voltage controlled form of deposition described in section 6.2.2. Following deposition, the
composition and structure of the MoS2 and WS2 films on the substrates were investigated using
Raman spectroscopy and scanning electron microscopy (SEM), respectively.

6.2. Experimental procedure:
The experiment was divided into two major parts. The first part was the individual
dispersion of MoS2 and WS2 nano particles. The second part was the deposition of dispersed
MoS2 and WS2 nano particles onto different species of substrates.
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6.2.1. Dispersion of MoS2 and WS2 nano particles
Here the powder form of MoS2 and WS2 was dispersed in an N-methyl pyrrolidone
(NMP) solvent solution using tip sonication. First, 100 mg of the powder (MoS2 and WS2) was
mixed with 200 ml of NMP. This mixture then was ultrasonicated using a tip sonicator for 30
minutes. During sonication, the beaker containing the TMDC-NMP solution was kept in an ice
bath to keep the mixture cool since the tip sonication technique increases the temperature of the
mixture. After sonication, the solution was put under a chemical hood and remained undisturbed
for 24 hours to monitor the quality of dispersion. A photographic image of the resultant solution
is shown in Figure 6.1.

Figure 6.1. Resultant solution of NMP assisted (a) dispersed MoS2, (b) dispersed WS2
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6.2.2. Deposition of dispersed MoS2 and WS2 nano particles onto substrates using voltagecontrolled spray

The substrates used were aluminium, silicon, glass, SiO2, and PMMA. In preparation,
these substrates were cleaned using acetone, isopropyl alcohol (IPA) and de-ionized (DI) water,
followed by drying with nitrogen gas. After the substrates were cleaned and dried, these were
mounted onto a substrate holder which was attached to a fan capable of a 7000 RPM rotation
speed. A 30 mL syringe filled with the dispersed MoS2 solution was mounted onto a syringe
pump, and a blunted needle was attached to the syringe. The distance between the tip of the
needle and the substrate was fixed at 5cm. To obtain a uniform spray of MoS2, 14 kV was
applied to the tip of the blunted needle. A constant flow rate of 2 µl/min was maintained
throughout the deposition process. After 15 minutes of voltage-controlled spraying, the MoS2
coated substrates were kept under a laminar flow hood for 24 hours to dry.
Next, the same process was repeated but with a dispersed WS2 solution. Here, we filled a
30 mL syringe with the dispersed WS2 solution and mounted the syringe on a syringe pump. A
blunted needle then was attached to the syringe. The fixed distance between the tip of the needle
and the substrate was at 5 cm. A 14 kV was applied to the tip of the blunted needle to obtain a
uniform spray of MoS2. A constant flow rate of 2 µl/min was maintained throughout the
deposition process. After the voltage-controlled spraying (for 15 minutes), the WS2 coated
substrates were kept under a chemical hood for 24 hours to dry out in a laminar flow system. The
setup for the voltage-controlled spraying is shown in Figure 6.2.
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Figure 6.2. Schematic diagram of the voltage-controlled deposition setup

6.3. Characterization of molybdenum disulfide (MoS2) deposited onto different substrates
This section discusses the characterization techniques used for analyzing the deposited
molybdenum disulfide (MoS2), a layered TMDC, dispersed by a tip sonication method. For the
deposition, we used the voltage controlled technique, described earlier in section 6.2.2, to
fabricate layer-by-layer MoS2 films. In the dispersal of MoS2 films, we applied the organic
compound N-methyl pyrrolidone (NMP) by means of tip sonication, as described earlier in
section 6.2.1.
The technique is applied to five different types of substrates (aluminum (Al) foil, bare
silicon (Si), microcopy grade glass sample, silicon dioxide (SiO2) and poly methyl methacrylate
(PMMA)). The resultant deposition of MoS2 nanoparticles on all of the substrates exhibited good
packing density and surface coverage as per subsequent characterization of the material.
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6.3.1. Characterization using Raman spectroscopy
To verify the deposition of the MoS2 on all of the substrates, Raman spectroscopy was
used. According to the MoS2 Raman spectrum shown in the literature, there are two prominent
peaks in bulk MoS2: E2g (in-plane mode) located around 385 cm-1 and A1g (out-of-plane mode),
located about 410 cm-1. The first order bands, also known as in-plane modes, are a result of
sulfur atoms vibrating in one direction with the molybdenum atom vibrating in the other
direction. The second order bands, or out-of-plane modes, are a result of sulfur atoms vibrating
out of the plane [133-135].
For the Raman analysis, a grating of 1800 lines/mm and a confocal hole aperture of 200
μm was selected. The scan was performed over a wave number range of 380 to 440 cm -1. The
peaks of E2g (in-plane mode) appeared in the range of the wave numbers 382-386 cm-1. The
peaks of A1g (out-of-plane mode) appeared in the range of the wave numbers 409-413 cm-1. The
aforementioned are shown in Figure 6.3. − Figure 6.7. The spectra of MoS2 with peaks in the
range of 382-386 cm-1 and 409-413 cm-1 also have two major points of significance: (i) peak
positions confirm the presence of MoS2 film on all of the substrates, and (ii) both dispersion and
voltage-controlled deposition of MoS2 do not affect the structural integrity of this compound.
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Figure 6.3. Raman spectra of MoS2 film over aluminum substrate

Figure 6.4. Raman spectra of MoS2 film over silicon substrate
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Figure 6.5. Raman spectra of MoS2 film over glass substrate

Figure 6.6. Raman spectra of MoS2 film over SiO2 substrate
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Figure 6.7. Raman spectra of MoS2 film over PMMA substrate

6.3.2. Characterization using scanning electron microscopy (SEM)
To obtain the structural analysis of the deposited MoS2 nanoparticle on various substrates,
SEM was employed with an acceleration voltage of 30 kV. Surface morphology and topography
of the MoS2 layer on the conducting substrate is shown in Figure 6.8. − Figure 6.12.
Conventional multilayered, plate-like MoS2 nanosheets were observed in the SEM images.
These images confirm the deposition of bulk MoS2 onto the substrates. These images also
indicate that MoS2 nanosheets are well distributed with a fairly uniform height distribution
extending from 2−7 layers. SEM confirms the width of the MoS2 flakes to be approximately
250-900 nm. The MoS2 layers are formed by the random placement of MoS2 nano particles
which are securely bonded to the corresponding substrates. The SEM images also show that
MoS2, when dispersed and deposited by this voltage-controlled process, produces good surface
coverage.
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Figure 6.8. SEM image of MoS2 film over aluminum substrate

Figure 6.9. SEM image of MoS2 film over silicon substrate
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Figure 6.10. SEM image of MoS2 film over glass substrate

Figure 6.11. SEM image of MoS2 film over SiO2 substrate
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Figure 6.12. SEM image of MoS2 film over PMMA substrate

6.4. Characterization of tungsten disulfide (WS2) deposited onto different substrates
This section discusses the characterization techniques used for analyzing the deposited
tungsten disulfide (WS2), a layered TMDC, dispersed by a tip sonication method. For the
deposition, we used the voltage controlled technique, described earlier in section 6.2.2, to
fabricate layer-by-layer WS2 films. In the dispersal of WS2 films, we applied the organic
compound N-methyl pyrrolidone (NMP) by means of tip sonication, as described earlier in
section 6.2.1.
The technique is applied to five different types of substrates (aluminum (Al) foil, bare
silicon (Si), microcopy grade glass sample, silicon dioxide (SiO2) and poly methyl methacrylate
(PMMA)). The resultant deposition of WS2 nanoparticles on all of the substrates exhibited good
packing density and surface coverage as per subsequent characterization of the material.
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6.4.1. Characterization using Raman spectroscopy
To verify the deposition of WS2 on all the substrates, the study applied Raman
spectroscopy. For Raman analysis, a Raman spectrometer equipped with a HeNe laser with an
incident power of 17 mW and wavelength of 632.81 nm was utilized for the spectroscopic
analysis. A grating of 1800 lines/mm and a confocal hole aperture of 200 μm were selected. The
scan was performed over a range of 200 to 600 cm-1 in wave number. According to a previously
obtained Raman spectrum of WS2 by other researchers, there are two prominent peaks in bulk
WS2: E2g (in- plane mode) located around 358 cm-1, and A1g (out-of-plane mode), located around
418 cm-1 [136-137].
The peaks of E2g (in- plane mode) appeared in the range of the wave numbers 356-362
cm-1. The peaks of A1g (out-of-plane mode) appeared in the range of the wave numbers 415-420
cm-1, respectively as shown in Figure 6.13. − Figure 6.17. The spectra of WS2 with peaks in the
range of 356-362 cm-1 and 415-420 cm-1, however, also have two major points of significance:
(i) the spectra confirm the presence of WS2 film in all the substrates, and (ii) the method of
dispersion and the voltage-controlled deposition of MoS2 do not affect the structural integrity of
this compound.
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Figure 6.13. Raman spectra of WS2 film over aluminum substrate

Figure 6.14. Raman spectra of WS2 film over silicon substrate
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Figure 6.15. Raman spectra of WS2 film over glass substrate

Figure 6.16. Raman spectra of WS2 film over SiO2 substrate
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Figure 6.17. Raman spectra of WS2 film over PMMA substrate

6.4.2. Characterization using scanning electron microscopy (SEM)
To obtain the structural analysis of the deposited WS2 nanoparticle on the various
substrates, we used SEM with an acceleration voltage of 20-30 kV. Surface morphology and
topography of the WS2 layer on the conducting substrate is shown below in Figure 6.18. −
Figure 6.22. It can be seen that the WS2 nanosheets exhibit the conventional multilayered,
plate-like structure appearance with the width of 200-500 nm and the thickness of
approximately 15-60 nm, as observed by the SEM imaging. The images indicate that the
nanosheets are non-uniform and confirms the deposition of bulk WS2 on all of the substrates.
The image indicates that WS2 nanosheets are well distributed with height distribution of the bulk
WS2 in the range of 2-9 layers.

The WS2 layers are formed by randomly placed WS2

nanoparticles which are securely bonded to the corresponding substrates. The SEM images
prove that WS2 dispersed and deposited by this voltage-controlled process creates good surface
coverage.
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Figure 6.18. SEM image of WS2 film over aluminum substrate

Figure 6.19. SEM image of WS2 film over silicon substrate
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Figure 6.20. SEM image of WS2 film over glass substrate

Figure 6.21. SEM image of WS2 film over SiO2 substrate
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Figure 6.22. SEM image of WS2 film over PMMA substrate

6.5. Adhesion strength test of the fabricated TMDC films
For qualitative evaluation of the adhesion strength of the MoS2 and WS2 films on all the
target substrates, ultrasonication tests and the Scotch Tape© test in accordance to the American
Society for Testing and Materials (ASTM) D-3359-97 were performed.
6.5.1. Adhesion strength test of MoS2 films on various substrates
The Scotch tape© test and ultra sonication test were performed on all the MoS2 laden
target substrates. The Scotch tape© test consisted of making an X-cut in the film, followed by
application of pressure sensitive tape over the cut. A 180-degree rapid peeling of the tape
resulted solely in a trace peeling of the film, thus justifying the appreciable adhesion quality of
the MoS2 films. Ultrasonication tests, wherein the MoS2 film coated samples were immersed in a
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deionized water-filled ultrasonicator cleaning system for 16 hours, also revealed no detachment
of the MoS2 films from any of the sample surfaces.
6.5.2. Adhesion strength test of WS2 films on various substrates
The Scotch tape© and ultrasonication tests were conducted on all the WS2 laden
substrates. The results for these film-substrate combinations were consistent with those discussed
for the MoS2 laden substrates described in section 6.5.1 above.

6.6. Development of a Surface Enhanced Raman Scattering (SERS) substrate using
tungsten disulfide (WS2)
Raman spectroscopy can identify any molecular structure of a solid, liquid, or even gas.
However, the sensitivity of this process is significantly low. To overcome this problem, a
Surface-Enhanced Raman Scattering (SERS) substrate was developed by Martin Flischmann,
Patrick J. Hendra, and A. James McQuillan at the Department of Chemistry, University of
Southampton, UK, in 1973. Surface enhancement is highly surface geometry dependent, and
enhancement occurs when the laser beam excites the electrons from the surface, thus creating a
strong enhancement for the electric field.
In this section, a low cost, time efficient fabrication technique to develop a SERS
substrate is described. A rough nano-metallic layer for surface enhancement is created by
depositing platinum (Pt) onto a tungsten disulfide (WS2) laden etched aluminum (Al) foil. The
previously described (section 6.2.2) voltage-controlled deposition method is used for the WS2
deposition onto the Al foil. A significant enhancement in signal strength was observed for in
vitro/conventional Raman signal measurements.
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6.6.1. Experimental Procedure
Aluminum foil was cleaned with acetone, isopropyl alcohol, and de-ionized (DI) water,
and then dried with nitrogen gas. Previous work on SERS showed that maximum enhancement
could be obtained by using the back side (rough side) of etched Al foil [138-141]. Hence, a WS2
nano particle layer was deposited on the back side of etched Al foil by using the voltagecontrolled deposition method described in section 6.4 [142-144]. Finally, 10 nm of a thick Pt
layer was sputtered onto the WS2 laden, etched aluminum foil. The tightly packed Pt nanostructures are ideal for surface enhancement.
6.6.2. Results
To check the performance of the SERS substrate, Rhodamine 6G (R6G) solutions were
used as a specimen for in vitro measurements. The R6G powder was dissolved in DI water at a
temperature of 50 oC by stirring it continuously for 3-4 hours. Different concentrations of R6G
solutions were prepared to vary from 1 nM to 1 mM, in increments of 10.
A single drop of R6G solution was placed on the Pt-coated WS2 based SERS substrate,
and covered with a cover slip. The laser beam was focused on the junction of the R6G specimen
and nano-rough Pt layer, and Raman spectra were immediately taken thereafter. The process of
sample preparation and measurement is shown in Figure 6.23.
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Figure 6.23. Process of sample preparation and measurements for in-vitro method

The spectrum arising from the 1 mM R6G solution and DI water on the Pt-coated WS2 on
the back side of the etched Al foil is shown below in Figure 6.24.
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Figure 6.24. Raman signal of 1mM R6G solution, and the Raman signal of DI water

SERS signals were obtained for R6G concentrations from 1 nM to 1 mM. All of the data
points were taken over an average of 10 measurements and were reproducible to about 5%.
Figure 6.25. shows the plot for intensity versus concentration for platinum coated WS2 on the
back side of etched Al foil.
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Figure 6.25. Raman signals for platinum coated WS2 on the back side of etched Al foil as a
function of the concentration of R6G solutions

6.7. Conclusions
In summary, the successful deposition of two different types of dispersed TMDC
solutions (MoS2 and WS2) onto conducting (aluminum), semiconducting (silicon), insulating
(glass and SiO2), and arbitrary (PMMA) substrates was achieved. The finding after deposition
was that MoS2 nano sheets and WS2 nanosheets are well distributed with a height distribution of
bulk MoS2 in the range of 2-7 layers and bulk WS2 in the range of 2-9 layers.
The voltage-controlled nanoparticle deposition method is a compelling technique for the
deposition of TMDC nano particles without the requirement of a pretreated surface.

The

technique is facile, economical, fast, and consistent. Layers are formed by randomly placed
TMDC nano particles which are securely bonded to the corresponding substrates. Through a
series of studies, we achieved reproducible results at an applied voltage of 14 kV at the needle tip
with a 7000 RPM speed and a 5 cm gap between the needle and the substrate. Scanning electron
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microscopy and Raman spectroscopic results confirmed the presence of MoS2 and WS2 nano
particles in the deposited film. Our work does not require a pre-processed substrate surface for
TMDC nanoparticle deposition on different substrate surfaces. It is accomplished using a
relatively quick and inexpensive, voltage-controlled, nanoparticle deposition method. This set of
experiments shows the voltage-controlled spray deposition system to be a versatile technique for
a range of substrate species. After achieving deposition of TMDC nano particles on various
substrates, the SERS substrate was fabricated using WS2 laden Al foil. Platinum nanoparticles in
the range of 10 nm thick were used to sputter coat the WS2 laden Al foil using a DC magnetron
sputtering machine. R6G was used as analyte specimen. The SERS substrate showed good high
enhancement in signal intensity.
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CHAPTER 7. SUMMARY AND RECOMMENDATIONS FOR FUTURE WORK

7.1. Summary of results
In this research a unique, voltage-dependent deposition strategy of different nano
particles (MWCNTs and TMDCs) was successfully demonstrated to fabricate thickness
controlled films on conducting (aluminum), semiconducting (silicon), insulating (glass and
SiO2), and arbitrary (syndiotactic PMMA) substrates.
A new technique of dispersing CNTs using IPA and a surfactant was proposed. The
dispersed CNTs remain as such for the extended period of 18 months, as tested, with little to no
decomposition over time.

This deposition process also addresses the problems that are

associated with the acid refluxing method of CNT dispersion.
CNT films were fabricated onto a range of substrates (semiconducting, conducting,
insulating) using a voltage-dependent deposition method. This approach represents a significant
advancement in CNT deposition in that this technique eliminates the need for the binding layer,
surface functionalization, and pre-treatment of the substrate as required by other methods.
Raman spectra, AFM, and SEM are used to verify the successful deposition of CNTs on all of
the substrates used in this research.
TMDC (MoS2 and WS2) films also were fabricated on the aforementioned different types
of substrates using the same voltage-dependent deposition method. This approach eliminates the
need for time-consuming, labor intensive, chemically unstable, and costly methods such as CVD
and lithium intercalation while showing significant advancement with TMDC deposition onto
the various substrates. Raman spectra and SEM verified the fabrication of TMDC nano particles
on all the substrates.
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Platinum coated WS2 nanoparticles on aluminum foil was used to successfully fabricate a
SERS substrate coupled with good signal enhancement of the R6G signal.

7.2. Future work
For future work, we will focus on extending this proposed method in order to deposit
CNTs on Si3N4 substrates for a thin film transistor (TFT) technique without a major variation to
the setup. Additional development of this process will grant a controlled deposition of CNT
nanostructures with required alignment and pattern or in the form of a dense material, depending
upon the potential application. Furthermore, research involving the deposition of CNTs onto
aluminum foil for use as supercapacitor electrodes and SERS substrates is currently underway in
our group. TMDC deposited onto various substrates can also be utilized for TFTs, solar cells,
and sensors. Finally, research into the voltage-controlled deposition of dispersed molybdenum
diselenide (MoSe2) solution onto a range of substrates, is also already in progress.
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